Genetic elements of interest can be introduced into the Saccharomyces cerevisiae genome via homologous recombination. The current method is to link such an element to a selectable marker gene to be integrated into the target locus. However, the marker gene in this method cannot be reused, which limits repeated manipulation of the yeast genome. An alternative method is to utilize a counterselectable gene, such as URA3, with flanking tandem repeats. After integration, URA3 along with one copy of the repeat can be popped out via internal recombination, leaving behind one copy of the unwanted repeat. Here we describe a novel concept of genetic element shuffling in which the tandem repeats are made of the desired genetic element, so that after integration and popping out, only one copy of the element remains at the desired locus to function. As a proof of principle, we constructed three recyclable cassettes (P PGK1 -URA3-P PGK1 , P GAL1 -URA3-P GAL1 , and P tetO7 -URA3-P tetO7 ) and integrated them upstream of an engineered chromosomal P HIS3 -mCherry-Myc locus. After promoter shuffling, the mCherry-Myc gene was regulated precisely as anticipated.
T
he budding yeast Saccharomyces cerevisiae is a model lower eukaryotic microorganism widely used in laboratory research and the fermentation industry. A large array of molecular and genetic tools have been developed by using this species, which leads to numerous innovations in the manipulation of genomic DNA in living cells.
One advantage of budding yeast chromosomal manipulation is its very high efficiency of homologous recombination (1-3), which has been utilized for target gene deletion, in vivo mutagenesis, tagging, and promoter replacement (4) (5) (6) (7) . A typical method of introducing genetic elements (foreign gene, promoter, protein tags, etc.) into the S. cerevisiae genome is to link such an element to a selectable marker gene, flanked by sequences homologous to the target site. Upon homologous recombination, the genetic element and the selectable marker are integrated to the desired chromosomal locus with or without replacing the target sequence. The available selectable marker genes include URA3, HIS3, LEU2, TRP1, MET15, ADE2 (8) (9) (10) (11) , and a few antibiotic resistance genes (12) . Although the number of selectable marker genes is theoretically unlimited, the host strains often do not contain such auxotrophs, particularly industrial strains, making multiple gene manipulations difficult. An alternative method, known as a pop-in/ pop-out strategy, was developed (13) in which a counterselectable marker gene such as URA3 is flanked with direct repeats from other microorganisms (e.g., hisG from a bacterium), so that after integration, the URA3 gene along with one copy of the repeat can be popped out of the genome via homologous recombination and the resulting ura3 strain selected on a medium containing 5-fluoroorotic acid (5-FOA) (14) . Although the pop-in/pop-out method has the advantage of recycling the selectable marker, the repeat sequence left behind may not merely serve as junk DNA, since it may recombine with another repeat in the genome after marker reuse and itself may interfere with the adjacent genetic element introduced. To circumvent the problem, a CreA-loxP site-specific recombination system was introduced that utilizes much shorter repeat sequence for efficient recombination (10, 11, 15) . However, it requires the introduction of a Cre recombinase, which is inconvenient for strain construction and chromosome manipulation and hence is not popular. Furthermore, the loxP site left behind from each integration may be involved in site-specific recombination when the system is reused.
In order to further facilitate genomic manipulation in budding yeast and related organisms, we propose a novel concept in which the URA3 flanking tandem repeats are made of genetic elements one wishes to integrate. After integration and popping out as described above, only one copy of the desired functional element is expected to remain at the target locus, with no junk DNA left. We anticipate that this method can be used in replacing promoters, tagging target genes, and introducing foreign genes into the yeast genome. As a proof of principle, we report here the construction of a number of promoter cassettes and the use of them to integrate at the promoter of a chromosomally located reporter gene. Quantitative analyses of reporter gene expression demonstrate that the promoter shuffling cassettes developed in this study meet expectations. Furthermore, reporter gene expression analysis at the individual cell level reveals that the gene expression is not homogenous in the cell population.
MATERIALS AND METHODS
Plasmid construction. The URA3 marker gene was inserted between the HindIII and EcoRI sites of pBluescript to form pBS-URA3. The upstream copy of P PGK1 , P GAL1 , and P tetO7-TATA (P tetO7 ), of approximately 0.5 kb, was inserted into the ClaI-HindIII sites of pBS-URA3, and the corresponding downstream copy was subsequently inserted at the EcoRI-SpeI sites to generate three plasmids-pPUP, pGUG, and pTUT ( Fig. 1A to C)-in which the two copies of the promoter are in tandem orientation flanking the URA3 gene. To facilitate PCR amplification of the entire XUX cassettes, the 3= end of the downstream promoters contain 20-bp unique sequences to serve as templates.
To utilize the Tet-off regulatory system, a P CMV -tTA cassette was PCR amplified from the genomic DNA of S. cerevisiae strain R1158 (Table 1) and inserted into the HindIII-XhoI sites of the yeast expression vector pYES2.0. The resulting plasmid was used as a template to amplify a P CMVtTA-T CYC1 cassette to be cloned into the BamHI-BglII sites of plasmid M4366 (16) . The resulting plasmid, pM4366-tTA (Fig. 1D) , contains a 6.5-kb HO-hisG-URA3-hisG-P CMV -tTA-T CYC1 -HO cassette that can be released by NotI digestion. Oligonucleotide primer sequences used in this study are listed in Table S1 in the supplemental material.
Strain creation. The reporter gene mCherry-Myc was inserted at the HIS3 locus in strain BY4741 (Table 1 ) with a PCR-amplified mCherry-HIS3MX6 from plasmid SC222 (17) via a one-step integration as described elsewhere (6) . Colonies were selected on SD-His medium (synthetic dextrose medium without histidine), and the strain WXY3649 was confirmed by genomic PCR and mCherry fluorescence. The HO-hisG-URA3-hisG-P CMV -tTA-T CYC1 -HO cassette was used to transform WXY3649 to allow the cassette to integrate at the dispensable HO locus (16) . Because URA3 encodes orotidine 5-phosphate decarboxylase, which can convert 5-FOA to 5-fluorouracil, a toxic agent (14) , cells lacking the URA3 gene are able to grow in the presence of 5-FOA. Hence, cells with subsequent hisG-URA3 pop-out through homologous recombination were selected on SD medium containing 5-FOA, and the resulting strain, WXY3650, was confirmed by genomic PCR. The recyclable cassettes were PCR amplified using a pair of P HIS3 -mCherry promoter-specific primers linked to the 5= end of cassette-specific primer sequences (see Table S1 in the supplemental material) and pPUP, pGUG, and pTUT plasmid DNAs as templates. The resulting PUP and GUG cassettes were used to transform WXY3649, and would replace approximately 0.1 kb upstream of the start codon of the P HIS3 -mCherryMyc fusion gene (Fig. 2) . The TUT cassette was used to transform WXY3650 in a manner similar to that of WXY3649. The transformants were selected on SD-Ura medium for the cassette integration and subsequently on SD containing 5-FOA for the URA3 marker pop-outs. Expected strains were confirmed by genomic PCR and subjected to further characterization. All PCR primers used in PCR amplification are 59 bp, of which 39 bp are P HIS3 -mCherry promoter specific for homologous targeting and 20 bp are used for cassette amplification ( Fig. 2 ; also, see Table S1 in the supplemental material).
Real-time RT-PCR analysis and Western blotting. WXY3649 and WXY3654 cells were grown in liquid YPD at 30°C for 16 to 20 h. WXY3655 cells were cultured in SD plus necessary nutrients overnight, washed with sterile distilled H 2 O, resuspended in either an SGal-plus-nutrients medium or an SD-plus-nutrients medium at an optical density at 600 nm (OD 600 ) of 0.4, and incubated for another 8 h. WXY3656 cells were incubated for 18 to 24 h in YPD with or without 5 g/ml doxycycline. At the end of incubation, total RNA was extracted as previously described (18), and cell extracts were prepared using the yeastBuster protein extraction reagent (catalog no. 71186-4REF; Novagen). Conditions for the quantitative real-time RT-PCR (qRT-PCR) and Western blot analyses were as previously described (19, 20) . The antibody used for Western blotting is the mouse anti-Myc monoclonal antibody 9E10 (Shanghai Genomics, China), diluted at 1:2,000.
Fluorescence microscopy. Cells were incubated as described above, collected by centrifugation at 3,000 ϫ g for 2 min, washed with phosphate-buffered saline (PBS; 137 mM NaCl, 1.7 mM KCl, 10 mM Na 2 HPO 4 , 1 mM KH 2 PO 4 ) to remove culture medium, and then resuspended in PBS. Fluorescence microscopy was performed on a Zeiss 5 live confocal microscope, and images were later processed using ZEN 2009 software.
RESULTS AND DISCUSSION
Rationale of promoter shuffling. We feel that among numerous chromosomal manipulation strategies, promoter shuffling has not yet been optimized, although in many cases, such a manipulation is desired. The current method of choice is to have one's preferred promoter linked to a selectable marker at the 5= end as a template, which is flanked by promoter sequences of the desired gene through PCR or molecular cloning. This cassette is then used to replace or insert at the promoter of the target gene by genomic integration. This protocol requires that each chromosomal manipulation consume a selectable marker, which is often impractical. An alternative method is to use the classic hisG-URA3-hisG cassette as a selectable marker, in which a hisG-URA3 sequence can be subsequently popped out (13) . With both of the above approaches, an unwanted piece of DNA sequence (a selectable marker or a copy of hisG) is left behind, which could interfere with the downstream gene expression or serve as a potential recombinogenic substrate to induce genomic instability.
In this study, we designed novel cassettes in which promoter elements themselves serve as tandem repeats flanking the URA3 marker. Upon integration in a manner similar to hisG-URA3-hisG, the functionality and effectiveness of the introduced promoter can be directly evaluated. More importantly, cells with one copy of the integrated promoter and the URA3 gene (promoter-URA3) deleted can be readily selected on a 5-FOA plate, leaving only one copy of the desired promoter driving the gene of interest.
To prove the concept and also to provide useful reagents for the research community and fermentation industry to conduct promoter shuffling, we constructed three cassettes with the most commonly used representative promoters. The PGK1 promoter is considered one of the most powerful constitutive promoters when cells are grown in glucose as the preferred carbon source (21, 22) . The GAL1 gene, along with GAL7 and GAL10, is induced in the presence of galactose and strongly repressed in the presence of glucose (22) (23) (24) (25) , and the GAL1 promoter is commonly used for the induction of target genes. P tetO7 is known as a tetracyclineregulatable promoter and is used in the Tet-off gene expression system (26) (27) (28) . In this system, gene expression is turned off when tetracycline or doxycycline is added to the culture medium. There are two critical components in this system; one is a tetracyclinecontrolled transactivator (tTA), and the other is a tetracyclineresponsive element consisting of seven direct repeats of a 42-bp sequence containing tetO (27) . While the first two promoters can be directly utilized in a range of budding yeast strains, the tetO7 promoter requires an exogenous tTA regulator, which is often constitutively expressed. Figure 1A to C illustrate the three plasmids containing the P PGD1 -URA3-P PGD1 (PUP), P GAL1 -URA3-P GAL1 (GUG), and P tetO7 -URA3-P tetO7 (TUT) cassettes. Since the only yeast strain containing the tTA element available to us is R1158, which contains a P CMV -tTA allele integrated at the URA3 locus, we constructed plasmid pM4366-tTA (Fig. 1D ) and strain WXY3658 (Table 1) to facilitate recombinant strain creation with the tetO7 promoter.
Finally, since it was found that as little as 40 nucleotides of flanking homologous sequences is sufficient to mediate chromosomal targeting, PCR-mediated preparation of targeting cassettes has become a predominant method of choice (29) (30) (31) . To facilitate this process, a 20-bp upstream sequence is from the cloning backbone common to all three shuffling cassettes, while the 20-bp downstream is unique and from each promoter element ( Fig. 2A and Table 2) .
Promoter shuffling at the P HIS3 -mCherry locus. As a means of proof of principle, we integrated the mCherry-Myc gene at the HIS3 locus so that it is under the control of the native HIS3 promoter, as illustrated in Fig. 2A . The promoter-shuffling cassettes constructed in this study were used to replace a small region of the HIS3 promoter, resulting in the integration of the entire promoter-URA3-promoter cassette. Subsequent pop-out of the promoter-URA3 would result in only one copy of the desired promoter replacing the HIS3 promoter (Fig. 2) .
In order to simplify the experimental procedure, we designed upstream and downstream primers each containing a 39-base sequence identical to the target chromosome locus followed by a 20-base sequence identical to the cassette elements ( Fig. 2A) . The primer sequences are shown as Table 2 . Independent transformants were picked randomly for genomic PCR, and it was revealed that with all three transformations, more than half of the colonies contained the expected cassette integration (data not shown), indicating that the 39-base homology is sufficient for targeted integration. The selected cassette integration strains were subsequently used to pop out the promoter-URA3 element. Figure 3 is an example of genomic DNA PCR to illustrate the GUG promoter shuffling. With the same pair of PCR primers, the P HIS3 -mCherry-Myc strain WXY3649 is expected to generate a 0.5-kb fragment, and the cassette integration strain WXY3652 generates a 2.4-kb fragment, while after the P GAL1 -URA3 pop-out, the resulting strain, WXY3655, is expected to produce a 0.8-kb fragment (Fig. 3A) . The genomic DNA PCR confirmed the expected genomic structures of all three strains (Fig. 3B) . Similar results were also obtained from the PUP and TUT integration and pop-out strains (see Fig. S1 in the supplemental material). The junctions flanking the integrated promoters from all three popout strains were confirmed by sequencing the genomic PCR products (see Fig. S2 ).
QuantitativeanalysisofcontrolledexpressionofthemCherry-Myc gene.
To determine whether the shuffled promoters behave as expected, we measured mCherry-Myc gene expression under various experimental conditions by both qRT-PCR and Western blot analysis. As shown in Fig. 4A , by using the mCherry transcript level in strain WXY3649 (P HIS3 -mCherry) as a reference, the mCherry transcript level increases more than 20-fold in strain WXY3654 (P PGK1 -mCherry) under the same growth conditions. For strain WXY3655 carrying the P GAL1 -mCherry gene, the mCherry tran- PUP-GUG-TUT-F   5=-TCTTGGCCTCCTCTAGTACACTCTATATTTTTTTATGCC  TCGAGGTCGACGGTATCGAT-3=   PUP-R  5=-CTTGCTCACCATGGTGGCGACCGGTAGCGCTAGCGGATC  TGTTTTATATTTGTTGTAAA-3= GUG-R 5=-CTTGCTCACCATGGTGGCGACCGGTAGCGCTAGCGGATC GGGTTTTTTCTCCTTGACGT-3=
TUT-R 5=-CTTGCTCACCATGGTGGCGACCGGTAGCGCTAGCGGATC CGAATTGATCCGGTAATTTA-3=
a For each primer, the first sequence is the 39-base sequence complementary to the gene-specific target sequence, while the second sequence is the 20-base sequence complementary to the cassette elements. Note that the upstream primer is common to all three cassettes, while the downstream primer sequence is unique to each cassette. script level is reduced below the P HIS3 -mCherry level when cells are grown in a glucose medium, but it is induced more than 260-fold when cells are grown in a galactose medium. It has been previously reported that the budding yeast GAL1 promoter can be induced up to 1,000-fold in the presence of galactose (32) . The difference may reflect strain background or details of the experimental conditions, suggesting that one can further improve the level of target gene expression. In contrast, WXY3656 cells carrying a P tetO7 -mCherry gene produce Ͼ90-fold more mCherry transcript than WXY3649 cells in the absence of an inducer, and the transcript level is reduced nearly 25-fold after treatment with 5 g/ml doxycycline. The above induction and repression are promoter specific, since WXY3649 cells carrying the P HIS3 -mCherry gene do not respond to the growth conditions. The controlled expression of integrated promoters was also examined by Western blot analysis using an anti-Myc antibody, and a representative experimental result is shown in Fig. 4B , which clearly indicates that the mCherry-Myc protein production corresponds very well with the transcript levels in each strain. Taking these results together, we conclude that all three representative promoter-shuffling cassettes are fully functional as anticipated. Hence, one should be able to utilize one of these cassettes to regulate the target gene expression as desired.
Controlled mCherry expression at the individual cell resolution. One advantage of using a fluorescent reporter gene is to observe the target gene expression and subcellular protein distribution in individual cells. In this study, we irradiated cells with a green laser at a wavelength of 561 nm to observe mCherry signals by fluorescence microscopy. It was observed that mCherry under the control of the PGK1 promoter is expressed in the majority of cells, although the level of expression is uneven. In contrast, WXY3649 cells in which mCherry is under the control of the HIS3 promoter barely emit fluorescent signals (Fig. 5A) . Similarly, no fluorescent signal is observed when WXY3655 cells are grown in a glucose medium, whereas upon galactose induction, almost all cells display a low but visible level of fluorescent signal, while a small portion of cells yield very strong fluorescent signals (Fig.  5B ). This observation is reminiscent of a previous report (33) of random cellular response to induction in bacteria, in which a stochastic single-molecule event determines a cell's phenotype. To investigate whether the above cell-to-cell variation in the target gene expression is due to differences in the intracellular residual glucose levels in individual cells, we washed WXY3655 cells grown overnight in the glucose medium and incubated them in a raffinose medium for 4 h, which does not repress or induce transcription from the GAL1 promoter (34, 35) , prior to switching to the galactose medium for 4 to 8 h. In this case, the vast majority of cells displayed similar levels of fluorescence (data not shown), indicating that cell-to-cell variations in the residual glucose level may play a major role in the observed phenotype. The fluorescent intensity in WXY3656 cells under derepressed (Dox Ϫ ) conditions is also uneven, although the majority of cells appear to emit fluorescence (Fig. 5C) . The above observations collectively imply that the induction as measured by transcript abundance or the total protein level reflects the population average but may not faithfully represent the situation in individual cells. Such a discrepancy may have to be taken into consideration for future studies.
Conclusions. The strategy described in this report turns junk DNA into a useful genetic element to be integrated at a desired genomic locus, leaving behind no undesired DNA sequences. The promoter shuffling as described in this report confirms that the constructed cassettes successfully replaced the parental P HIS3 promoter with P PGK1 , P GAL1 , or P tetO7 so that expression of the downstream mCherry-Myc gene is under the control of predetermined experimental conditions. The advantages of this method over previous genomic manipulation methods include the recycling of the marker gene and the absence of redundant sequence left in the yeast genome. We anticipate that this promoter shuffling strategy and the cassettes made in this study will become useful tools for both basic research and the fermentation industry, particularly in the process of multiple genomic manipulations. Furthermore, it can be envisaged that other genetic elements, such as protein tags, can be repeatedly fused to the ORF of the preferred gene at either the 5= or 3= end to generate an N-or C-terminal fusion, respectively, whereas the current method can be used only for C-terminal fusion, and the selectable marker cannot be reused.
